A new edge-enhanced error diffusion algorithm, based on Eschbach's algorithm, is proposed. Thick-edged artifacts as well as small edge-enhancement effects for the bright or dark pixel values are observed in the previous algorithm. By analyzing the phenomena, a new improved algorithm is proposed by using the diffused error sum and input pixel value. An input pixel is classified into a normal-or edge-region pixel based on the error sum criterion. A new error calculation is then employed for the edge-region pixel, while conventionel error calculation is used for the normal-region pixel. The proposed method requires only a few additional calculations and provides edge-enhanced binary output images. The edges are influenced less by the brightness offset, and thick-edged artifacts are reduced.
Introduction
The development of digital halftoning technology [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] allowed for better printed images with only black and white information. This technology has a wide range of application areas such as in facsimile machines, digital copiers, and color printers. Related research has recently increased [3] [4] [5] [6] [7] [8] [9] [10] because it is a key technology for low-cost color facsimile machines, color copiers, and digital copiers.
One of the most outstanding halftoning methods is the error diffusion (EDF) technique. 1 In this method, the binarization error for an input pixel is distributed to generate output images. It is excellent for reproducing grayscale images and has good edge characteristics. 1, 3 The error-diffused binarization shows better image quality for the human viewer than the fixed dither method, but it requires more calculations. With the recent advances in processor design technology, the EDF technique becomes a good, realizable solution. 11 One must consider that the scanner unit has lowpass filtering. This filtering is represented by the modulation transfer function (MTF). In the MTF, the current leakage of a CCD sensor cell into the adjacent cells is considered as well as other optically related blurring effects. 11 In some scanner units, high-pass filtering is used to restore the original images. However, the computational overhead for making the high-pass filtered image is large and the required memory size is also significant. The restoration procedure for binarization can be combined with the EDF process to achieve cost-effective implementation.
Among the several attempts at edge-enhanced binarization, Eschbach's edge enhancing method given in Ref. 4 is one of the most useful from the implementation point of view. It uses only one pixel input value and two line error values. Eschbach generously used input brightness dependent thresholds for developing edgeenhanced binarization. 4 The error calculation scheme is the same as that of the conventional EDF process. It is excellent because only a slight change in the ordinary EDF structure is necessary and only a small amount of additional calculation is needed.
After reviewing Eschbach's edge-enhancing method, it was found that the edge-enhancement effect is related not only to the brightness difference of the adjacent pixels but also to the input pixel brightness itself. This is because the EDF effect of data outside of the dynamic range has not been considered. The thick-edged artifacts became visible as the edge-enhanced factor increased. Without solving these problems, the edge-enhanced EDF is hard to apply to mixed input images, including text and photos. Characters in a magazine sometimes have colored backgrounds that induce offset brightness, which is one of the document styles that needs to be processed.
In Sec. 2, the EDF algorithm and Eschbach's edgeenhanced EDF are briefly explained. In Sec. 3, the problem and the reasons for the problem in Eschbach's method are discussed. In Sec. 4, the relationship between the diffused error sum and input pixel brightness is analyzed. The reference error sum E r * and the error sum displacement threshold W t , for the input pixel brightness are defined. By using this information, each pixel is classified as a normal-or edge-region pixel. For the edgeregion pixels, a new error calculation is used in the proposed algorithm. The analysis of the edge-enhance-ment characteristics and the corresponding results for the real images are discussed in Sec. 5. In the proposed method, unusual white or black thick-edged artifacts are reduced although the edge-enhancing factor is increased. The effect no longer depends on the brightness offset of the input image.
Error Diffusion and Eschbach's Edge-Enhanced EDF Algorithm
In the EDF algorithm, the error created as a result of the pixel binarization is distributed with a certain ratio called an error filter. The distributed error to adjacent pixels is summed with the current pixel brightness for determining the output value. In the conventional EDF algorithm, 
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where x, y, ∆x, and ∆y are the horizontal axis, the vertical axis of the image, x directional pixel size, and y directional pixel resolution, respectively. The set of coefficients α i,j is called an error filter, suggested by Floyd, l and is expressed as: For this error filter, many variations have been suggested for improving image quality. In this paper, the error filter defined in Eq. (2) is utilized because it is widely used and simple to implement.
The modified input pixel brightness is I c (x,y). The resulting binary output O b (x,y) and the error E(x,y) are expressed by the following Eqs. (3) and (4), respectively:
where Θ[•] and T 0 are the binarization function and a threshold for the binarization, respectively. The center value of the white (255) and the black (0) is used for the threshold in the ordinary EDF. Although one changes the threshold, the statistical behavior of the resulting binary output is not influenced in the EDF algorithm. This improves the image quality by periodically modulating the real threshold. 12 Eschbach has implemented an edge-enhanced EDF using a threshold that depends on the input-pixel brightness. 4 A new input-dependent threshold is defined as
instead of the fixed T 0 of Eq. (3). Note that K in Eq. (5) determines the degree of the edge enhancement and is called an edge-enhancing factor. Eschbach's edge-enhanced EDF is expressed in Eq. (6) . The output value of Eschbach's EDF is determined by
0 white black (6) In this case, the error calculation is performed by Eq. (4), which is the same as the conventional EDF. If the edge-enhancing factor is 1, Eschbach's EDF is the same as the ordinary EDF. As K increases, the edges of the image become more visible. The structure change of this algorithm compared to the ordinary EDF is small and only a few additional calculations are required.
Problems with Edge Enhancement in Eschbach's Algorithm
Several experiments using various images were carried out using Eschbach's edge-enhancing algorithm, and the following problems were found:
1. The edge-enhancement effect depends on not only the brightness difference of adjacent pixels but also on the input pixel brightness itself. It causes an offset dependent edge-enhancement effect. 2. The edge-enhancement effect is degraded for dark or bright pixels. (Experimental results for this phenomenon are discussed at the end of this section.) As the pixel value approaches 0 or 255, the edgeenhancement effect rapidly decreases. 3. As K increases (especially when K ≥ 5), thick-edged artifacts become more visible, making the edge-enhanced image unnatural. These problems are shown by several experimental results in Sec. 5. We have experimented with the method for measuring the edge-enhancement effect, as illustrated in Fig. 1 . This experiment was performed in the same manner as was done in Ref. 9 . Two test images [Figs. 1(a) and 1(b)] have 1000 vertical lines over a band, which consists of three equally divided areas with levels of 93-163-93 and 160-230-160. Therefore the center of the images will be brighter than the sides, which will be darker according to the numbers above. Note that their brightness difference is 70.
After performing Eschbach's EDF, the vertical average of the output image is plotted in Fig. 1 . In this experiment, though the gray-level differences of the edges in each image are the same (70), their edge characteristics are different. The edge enhancement also depends on the input pixel brightness itself. This is undesirable for the edge-enhancement characteristics.
Analysis of the Distribution of Error Sum and the Proposed Algorithm

The Distribution of Error Sum
The error sum E s , which is diffused from adjacent pixels to modify the current pixel brightness, is expressed as
. , , , ,
This error sum and the original input pixel brightness are added and used for generating a binary output pixel. The range of error sum distribution in Eschbach's algorithm is derived from Eqs. (1) through (6) and is given as
The range of the error sum varies according to the input pixel brightness. From now on, E s (I) instead of E(x,y) will be used to represent the dependency on the input-pixel brightness. To observe the real situation, 256 sample sequence images with different gray levels (0-255) are generated. The image sizes for the x and y directions are 64 and 512 pixels, respectively. Eschbach's edge-enhanced EDF is applied to these test images and the range of the error sum distribution is investigated. For this experiment, the first 10 lines as well as the 5 left-most and right-most pixels of each line are not considered. Note that the error sum E s (I) in this experiment is generated from constant images not from images having an edge region.
The error sum distribution (the possible error sum values) for 256 constant gray-level images is shown in Fig. 2 . The horizontal axis of Fig. 2 is the input image brightness. Note that the occurrence of the error sum for the input pixel brightness is shown in Fig. 2 . Except near the 0 or 255 input brightness, the error sum exists in the region defined in Eq. (8) . When the error sum exists in the range given by Eq. (8), the quality of the binary output image is good in Eschbach's algorithm. When the image input is near black (0) or white (255), the error sum does not exist in the linear region specified by Eq. (8) , and good binary output image quality cannot be obtained. For explaining the nonlinear region of the error sum distribution near 0 or 256, the principle of the edge enhancement needs to be explained.
Figure 2. The error sum distribution depending on the gray levels of 256 constant images.
Consider an example image that has two areas of brightness I 1 and I 2 as shown in Fig. 3 . For processing a constant brightness area (I 1 ), or slowly varying area, possible error sum values are around E 1 . But when the EDF processing reaches a pixel with a quite different brightness (I 2 ), the error sum (E 1 ) stabilized in the I 1 area is quite different from the error sum (E 2 ), where the input brightness I 2 can be reproduced properly. Note that the proper range of the error sum is E 2 ± ∆E for reproducing a constant I 2 image. Therefore, the error sum (E 1 ) has to move toward a new error sum (E 2 ) as Eschbach's EDF process continues. The transition speed of the error sum depends on the K value: When K is large, the speed is slow.
When the error sum reaches a new value E 2 , continuous-tone image I 2 can be represented well. We need to look at the error-adapting amount that is diffusing into the adjacent pixels for the given input I(x,y). It is written
As shown in this equation, the error-adapting amount is equal to the difference between the input and the output brightness. It is 0 for the input brightness 0 or 255, and it is small for the input pixel values near 0 or 255. This means the adaptation to a new error sum is slow for those input brightnesses. Therefore, many of the same binary output pixels are produced until they reach a new stable error sum value. Now the reason for the problems mentioned in Sec. 3 is understood. By using these phenomena, it is easy to distinguish whether a pixel is in the normal or edge region. The error sum can be used for distinguishing whether a pixel lies in the edge region or not. The center value of the error sum distribution in Eq. (8) (10) The reference error sum is a mean value of the error sum for an input brightness I(x,y). The difference between the calculated error sum and the reference error sum in Eschbach's EDF process is defined as the error sum displacement (W). These two defined values are explained in Fig. 4 .
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During the edge-enhanced EDF process, the reference error sum is automatically determined by Eq. (8) . For the normal-region pixels, the displacement is expected to be small. For the edge region, the displacement tends to be large. We propose to define a threshold, named an error sum displacement threshold W t , for detecting a pixel whether the pixel is on the edge region or not. When the error sum displacement W is not larger than W t , the pixel is in the normal region; otherwise, it is in the edge region. By using this threshold, it is experimentally proved that the edge and normal regions are distinguished well. 13 Here, we propose a new edge-enhanced EDF for improving the edge characteristics of Eschbach's algorithm.
A New Edge-Enhanced Error Diffusion Algorithm
A block diagram of the proposed algorithm is shown in Fig. 5 and can be explained as follows:
1. If the pixel does not belong to the edge region, apply Eq. (9) for the error calculation. 2. Otherwise, a new error calculation is applied as shown in Eq. (11) . A large error-adapting amount is used for a fast transition to a new reference error sum.
E E I C O E I C O s b s b
NEW when white In this equation, a constant C is added or subtracted to the diffused error. The binary output for this edge-region pixel is determined as in Eschbach's algorithm. When the brightness differences are the same, no matter how much the offsets are, the amount of adaptation is the same. Therefore, the same amount of edge enhancement can be obtained. 
Discussion of the Experimental Results
The experiments of Eschbach's and the proposed edgeenhancement algorithms were carried out by using K = 5 and W t = 140. The edge-adapting amount C was 200. First, the edge-enhancement effect was investigated by using the experiment of Fig. 3 in Sec. 3. The result in Fig. 6 shows that the edge characteristics are less influenced by the offset in the proposed method than in Eschbach's method.
The error sum distribution for the proposed method was obtained by using the 256 constant images with different gray levels. The result obtained is shown in Fig.  7 . The proposed algorithm has a much wider linear region in the error sum distribution plot.
Two 400 × 400 and 600 × 400 experimental images were chosen for measuring the improvements. To see the offset-independent edge-enhancement effect, a test image is generated, as shown in Fig. 8 2. A thick-edged artifact of the upper rectangle [the gray 51 of Fig. 8(b) ] is reduced in Fig. 8(c) . 3. The edges of the upper left corner of the upper rectangle (the gray 128 and 153) are enhanced in Fig.  8(c) . But in Fig. 8(b) , they are not enhanced because the brightness of the background of the rectangle is 255. 4. In Fig. 8(b) , the upper left parts of the rectangle boxes or lines with brightnesses of 153 or 204 are distorted. The proposed algorithm is also applied to the mobile image. The thick-edged artifact is reduced as shown in Fig. 9(c) . Overall image quality is much improved in the proposed method. The thickness of the artifact can be adjusted by controlling C.
Conclusions
Edge-enhanced binarization is important because it allows images to be printed with a binary output device and also compensates for the low pass filtering effect of a scanner. It can be a cost-effective solution. Among several edge-enhanced EDF algorithms, Eschbach's is the most practical algorithm. It can be implemented with minimal changes from the normal EDF.
In this paper, Eschbach's edge-enhancement mechanism was analyzed. It was found that the thick- artifact depends on the input pixel brightness, which is caused by the different amount of error adaptation for each brightness. A transition to a new reference error sum from an old one is slow, thus a thick-edged artifact is produced.
The brightness of the current pixel, the reference error sum for the brightness, and the error sum displacement threshold are defined and used for classifying the regions of the pixel. After classifying the region of the pixel, different equations are applied for calculating the error of the pixel. In the proposed algorithm, the edges with white (255) or backgrounds are enhanced well and the thick-edged artifact is reduced. Depending on the specific applications, the error sum displacement threshold can be adjusted. The error adapation constant C for the edge-region pixel can also be adjusted.
For implementation, the proposed algorithm requires only a small amount of additional calculations (two comparison operations) and modifications to the original EDF architecture. This can be easily used for the design of a digital copier or facsimile machine.
